The NLRP3 inflammasome is a multiprotein complex that regulates the activation of caspase-1 leading to the maturation of the proinflammatory cytokines IL-1␤ and IL-18 and promoting pyroptosis. Classically, the NLRP3 inflammasome in murine macrophages is activated by the recognition of pathogen-associated molecular patterns and by many structurally unrelated factors. Understanding the precise mechanism of NLRP3 activation by such a wide array of stimuli remains elusive, but several signaling events, including cytosolic efflux and influx of select ions, have been suggested. Accordingly, several studies have indicated a role of anion channels in NLRP3 inflammasome assembly, but their direct involvement has not been shown. Here, we report that the chloride intracellular channel proteins CLIC1 and CLIC4 participate in the regulation of the NLRP3 inflammasome. Confocal microscopy and cell fractionation experiments revealed that upon LPS stimulation of macrophages, CLIC1 and CLIC4 translocated into the nucleus and cellular membrane. In LPS/ATP-stimulated bone marrow-derived macrophages (BMDMs), CLIC1 or CLIC4 siRNA transfection impaired transcription of IL-1␤, ASC speck formation, and secretion of mature IL-1␤. Collectively, our results demonstrate that CLIC1 and CLIC4 participate both in the priming signal for IL-1␤ and in NLRP3 activation.
Interleukin-1 (IL-1␤) is a central proinflammatory cytokine that plays a critical role in the innate immunity and inflammation (1) (2) (3) . Induction of IL-1␤ is tightly regulated by the inflammasome, a multiprotein complex that upon recognition of a large number of inflammatory factors mediates activation of caspase-1, which processes pro-IL-1␤ and IL-18 into their mature active forms and also causes a type of cell death called pyroptosis (4, 5) . Several inflammasome complexes have been described to date; however, the NLRP3 inflammasome is of special interest because of its ability to recognize a wide range of noxious substances. Importantly, dysregulation of the NLRP3 inflammasome is recognized as the common feature of a wide spectrum of chronic inflammatory and metabolic diseases, such as gout, rheumatoid arthritis, osteoarthritis, Alzheimer's disease, Parkinson's disease, type-2 diabetes, and obesity (6 -14) .
The classical activation of the NLRP3 inflammasome in murine macrophages requires two distinct signals. Signal 1, also called priming, involves the recognition of pathogen-associated molecular patterns (PAMPs), such as the Gram-negative bacterial product LPS, by Toll-like receptor 4 (TLR4), which leads to the increased expression of pro-IL1␤ and NLRP3 (15) . The second signal is triggered by the recognition of a myriad of structurally unrelated factors including endogenous markers of cellular and metabolic distress such as monosodium urate (MSU), adenosine triphosphate (ATP), amyloid-␤, islet amyloid polypeptide (IAPP), exogenous agents such as asbestos, silica or alum, and obesity-related factors such as ceramide or fatty acids (16 -19) . All of these factors lead to the activation and assembly of the inflammasome complex. Understanding of the precise mechanism of NLRP3 activation by such a wide array of stimuli remains elusive, but to date several signaling events have been suggested to induce NLRP3 activation. These include cytosolic efflux of K ϩ (20) , Ca 2ϩ influx, lysosome rupture, cathepsin B activation, and mitochondrial reactive oxygen species generation (21) . Increasing amounts of evidence suggest that the NLRP3 inflammasome activity is sensitive to changes in ion concentrations and in particular to K ϩ efflux. Two classical stimuli are known to cause K ϩ efflux, namely bacterial toxins, such as nigericin, by forming pores in the plasma membrane, and extracellular ATP by activating the ionotropic P2X7 receptor (15) . More importantly, increasing the potassium concentration in the media, which inhibits K ϩ efflux, can potently inhibit NLRP3 activation by many different stimuli.
Ionic fluctuations result in changes in intracellular pH, membrane potential, and cell volume, which must be tightly regulated to maintain cell function and homeostasis. A remarkable feature of LPS-ATP-stimulated macrophages is cell-swelling (22) , a response that is controlled by the coordinated action of K ϩ and Cl Ϫ , and the activity of multiple ion channels, a process known as regulatory volume decrease (RVD). A study by Compan et al. (23) demonstrated that hypotonic-induced cell swelling promotes NLRP3 activation through a pathway that involves translocation of the TRP7 and TRPV2 cationic channels into the plasma membrane where they modulate Ca 2ϩ and Mg 2ϩ fluctuations and promote TAK1 phosphorylation. Based on the fact that all inflammasome activators induce changes in cell volume, the authors proposed that mechanosensitive ion channels may be general regulators of inflammasome activation. In accordance with this hypothesis, application of hypertonic solutions blocked the release of IL-1␤ in response to all NLRP3 activators in vitro and reduced inflammasome activity in a rat model of brain inflammation (23) . Furthermore, several studies indicated a role of anion channels in the modulation of the NLRP3 inflammasome based on the inhibitory effects of extracellular NaCl and the general chloride inhibitors 5-nitro-2-(3-phenylpropyl-amino) benzoic acid (NPPB) 2 and 4,4Ј-diisothiocyanatostilbene 2,2Ј-disulfonic acid (DIDS) (22) (23) (24) (25) .
Chloride intracellular channel proteins (CLICs 1-6) are a family of evolutionary conserved proteins whose structure belongs to glutathione S-transferase (GST)-fold superfamily. In response to increased cytoplasmic oxidation or pH changes, cytoplasmic soluble CLIC proteins insert into cellular membranes where they act as anion channels that counteract cationic fluctuations. CLIC proteins participate in a number of biological functions, including regulation of membrane potential, cell volume regulation, cell proliferation, and apoptosis (26 -29) . Upon phagocytosis, CLIC1 has been shown to translocate into the phagosomal membrane where it colocalizes with NADH oxidase and modulates phagosomal acidification. CLIC1 Ϫ/Ϫ macrophages displayed impaired phagosomal proteolytic capacity and reduced reactive oxygen species production (30) . CLIC4 is an NF-B and IRF-3 early response gene in LPS-stimulated macrophages (31) . CLIC4 knock-out macrophages exhibit dysregulation of multiple inflammatory mediators during the early response to LPS (32, 33) . In response to LPS, CLIC4 is S-nitrosylated and translocates into the nucleus where it functions to enhance TGF-␤ signaling (33) . In addition, compounds highly related to the NLRP3 inhibitor MCC950 have been shown to interact with the chloride intracellular channel CLIC1 (34, 35) .
These studies prompted us to investigate the role of CLIC1 and CLIC4 channels during the activation of the NLRP3 inflammasome. We provide evidence for a role for CLIC1 and CLIC4 in both the induction of pro-IL1␤ and the activation of NLRP3, identifying CLICs as key regulators of the IL-1␤ system.
Results

NaCl and KCl inhibited ATP-induced IL-1␤ release
K
ϩ efflux is a common denominator in NLRP3 activation and subsequent IL-1␤ secretion, a mechanism that can be blocked by increasing the extracellular K ϩ (21, 36) . However, an increase of extracellular Cl Ϫ also inhibits IL-1␤ release (22, 37) , suggesting that anions or anion channels may play a role in the IL-1 ␤ response. We reexamined the effects of culturing macrophages in a high extracellular KCl or NaCl medium. ATP-induced IL-1␤ release in LPS-primed macrophages, BMDMs, and J774 cells were exposed to different concentrations of NaCl or KCl for 30 min after LPS priming before ATP stimulation. The addition of different concentrations of KCl into the extracellular media, ranging from 25 to 50 mM, triggered a significant decrease in a dose-dependent manner of secreted IL-1␤ in both BMDMs and J774 cells (Fig. 1, A and B) . The addition of 25 mM or 50 mM KCl resulted in a Ͼ50% reduction on the amount of secreted IL-1␤. We used the NLRP3 inhibitor MCC950 (34) as a positive control for inhibition. KCl did not have any significant impact on the production of TNF-␣ in BMDMs or J774 cells (Fig. 1, C and D, respectively) . This result confirms that increasing the extracellular concentration of K ϩ , which in turn impedes a net K ϩ efflux, can block secretion of IL-1␤. However, the addition of different concentrations of NaCl, ranging from 50 mM to 100 mM, to the extracellular media also resulted in a significant dose-dependent decrease of IL-1␤ release in both BMDMs and J774 cells (Fig. 1, A and B) . Furthermore, production of TNF-␣ remained at similar levels regardless of the extracellular NaCl concentrations (Fig. 1, C and D) , mimicking the results observed in cells exposed to high KCl conditions.
To address the effects of the removal of extracellular Cl Ϫ , Na ϩ and K ϩ were counterbalanced with the impermeant anion gluconate. Enzyme-linked immunosorbent assay (ELISA) analysis demonstrated that extracellular NaGln, ranging from 50 to 130 mM, actually increased the production of ATP-induced IL-1␤ in a dose-dependent manner relative to BMDMs cultured with a high extracellular NaCl (100 mM) (Fig. 1E) . As expected, when BMDMs were treated with equimolar concentrations of KGln, IL-1␤ secretion was inhibited, as K ϩ efflux is impeded by the high extracellular K ϩ concentration (Fig. 1E ). However, treatments with NaGln or KGln had no effect on TNF-␣ production (Fig. 1F) . Taken together, these data suggest that the efflux of Cl Ϫ and/or other anions could be involved in the maturation of IL-1␤.
In the absence of ATP, NaCl has been reported to induce activation of the NLRP3 inflammasome in BMDMs in a K ϩ efflux-independent manner (38) . To verify the dual role of NaCl in NLRP3 activation, BMDMs primed with 100 ng/ml LPS for 3 h were placed in a high NaCl medium (ranging from 25 mM to 100 mM) overnight. We were able to confirm the increased release of IL-1␤, although the effect was much more modest than with ATP (Fig. 1G) . No significant differences were observed on the production of TNF-␣ (Fig. 1H) . In contrast to NaCl, when BMDMs were treated with 25-50 mM KCl after LPS, no increase in IL-1␤ secretion was detected (Fig. 1G) . Furthermore, the addition of different concentrations of KCl or NaCl did not significantly change TNF-␣ production (Fig. 1H) , again indicating the specificity of the effect on IL-1␤-processing and release. The dual effect of NaCl on IL-1␤ release suggests that differences in treatment timings lead to different molecular mechanisms that either inhibit or induce IL-1␤ release.
Taken together, these results confirm what was previously reported by Perregaux and Gabel (22) and Ip et al. (38) studies, and this prompted us to further investigate the role of Cl Ϫ and anion channels in the maturation of IL-1␤.
Chloride inhibitors NPPB and DIDS blocked the ATP-induced IL-1␤ release
The inhibitory effect of both KCl and NaCl on IL-1␤ secretion and the promoting effect of NaGln suggested that chloride efflux might mediate this effect. To evaluate this further, we examined two chloride channel inhibitors NPPB and DIDS. Both agents had a strong dose-dependent inhibitory effect on IL-1␤ secretion induced by ATP (Fig. 2, A and B) . A dose of 200 M NPPB or DIDS prevented IL-1␤ secretion to the same extent as that observed using the NLRP3 selective inhibitor MCC950. Neither agent had a significant impact on secretion of TNF-␣ by BMDMs or J774 cells (Fig. 2 , C and D, respectively). These results indicated that chloride ion efflux might be required for NLRP3 activation. We next examined whether chloride ions could also impact on IL-1␤ release triggered by another inflammasome, the double-stranded DNA sensor AIM2. Interestingly, NPPB and DIDS chloride inhibitors only partially inhibited IL-1␤ release and only at the highest concentration tested (200 M) (Fig. 2, E and F) . However, a slight decrease of TNF-␣ secretion was also observed on cells treated with 200 M NPPB or DIDS (Fig. 2G) , suggesting that the inhibitory effects observed could be related to toxicity. To ensure that the NPPB and DIDS concentrations used did not cause major toxic effects on the cells, an lactate dehydrogenase assay was performed on the supernatant of each of the treated cells. Based on the amounts of lactate dehydrogenase released into the extracellular media, only a 5% reduction on cell viability was observed on cells treated with 200 M NPPB or DIDS. No significant reduction on cell viability was observed when using lower concentrations (data not shown).
CLIC1 and CLIC4 expression and localization were responsive to LPS stimulation
Because the increase of extracellular osmolarity and the inhibition of chloride channels impaired the release of IL-1␤, we sought to determine whether chloride channels could control NLRP3 activation. Compounds highly related to the NLRP3 inhibitor MCC950 have been shown to interact with the chloride intracellular channel CLIC1 (35) . We, therefore, examined CLIC proteins here, focusing on CLIC1 and CLIC4, which are highly expressed in macrophages (30, 33) . Expression of CLIC1 and CLIC4 mRNA was evaluated by RT-quantitative PCR (qPCR) in BMDMs, J774, and RAW 264.7 cells in a time-course study. CLIC1 mRNA was not significantly changed in LPS-stimulated BMDMs, J774, or RAW 264.7 cells during the time-course studied (Fig. 3 , A-C). However, a significant increase of CLIC4 mRNA expression was observed at 2, 4, and 8 h after LPS stimulation in BMDMs and RAW 264.7 (Fig. 3, D and F, respectively) . CLIC4 mRNA expression in J774 was not significantly changed after LPS stimulation; however, a trend to increased expression was observed (Fig. 3E) . Western blot analysis revealed that CLIC1 protein levels were similar across the different LPS time points, and a slight increase of CLIC4 was observed in J774 and RAW 264.7 cells (Fig. 3, G-I) .
The above results confirmed that LPS induces expression of CLIC4, which agrees with He et al. (32) . Given that CLIC1 and CLIC4 functionality is redox-dependent and they translocate to different cellular compartments in response to LPS (30, 32, 33, 39) , it was important to further characterize the protein abundance and localization changes of these two proteins in response to LPS. Cytosolic, membrane, and nuclear fractions of LPS-stimulated RAW 264.7 cells were analyzed by Western blotting. In unstimulated cells, CLIC1 and CLIC4 proteins were primarily located in the cytosolic fraction (Fig. 3 , J and K, respectively) and to a lesser extent in the membrane fraction (Fig. 3. L and M, respectively) . CLIC1 is present in the nucleus of unstimulated BMDMs at low levels (Fig. 3N) , whereas CLIC4 was undetectable by Western blot analysis (Fig. 3O) . However, the expression patterns of CLIC1 and CLIC4 changed dramatically upon LPS stimulation. A marked increase in CLIC1 and CLIC4 levels in the membrane fraction was observed 6 h after LPS stimulation and was especially promi- nent at 24 h (Fig. 3 , L and M, respectively). Interestingly, LPS stimulation also caused increased expression of CLIC1 and CLIC4 in the nuclear compartment. Although nuclear CLIC1 was lowly expressed in unstimulated cells, significant levels of the protein were observed 24 h after LPS (Fig. 3N) . Similarly, CLIC4 was undetectable in the nuclear compartment in unstimulated cells, but the presence of the protein increased in a time-dependent manner, being especially prominent 24 h after LPS stimulation (Fig. 3O) . Using confocal imaging we observed increased expression of CLIC1 and CLIC4 in BMDMs stimulated with LPS for 24 h relative to unstimulated cells (Fig.  3P) . However, translocation into the membrane could not be observed by this technique. It is likely that protein conformational changes produced by membrane insertion may have led to changes in antigen presentation. These data demonstrate that both CLIC1 and CLIC4 are responsive to LPS stimulation, and although CLIC1 expression is not induced, its cellular localization changes in stimulated macrophages.
CLIC1 and CLIC4 deficiency impaired pro-IL1␤ and ASC speck formation in classical activated macrophages
We next tested the role of CLIC1 and CLIC4 by knocking them down using siRNA oligo nucleotides. CLIC1 and CLIC4 knockdown significantly inhibited the expression of CLIC1 and CLIC4 mRNA (Fig. 4, A and B, respectively) as well as protein expression (Fig. 4G) . There was no significant difference on the , and RAW 264.7 cells were treated with LPS (100 ng/ml), and RNA and protein were isolated for the indicated time points. RT-qPCR was performed to examine CLIC1 and CLIC4 mRNA levels in BMDMs (A and D), J774 (B and E), and RAW 264.7 (C and F). Expression was normalized to 18S rRNA. -Fold change in expression of the target gene transcript relative to unstimulated cells was determined using the comparative cycle threshold method (2 Ϫ⌬⌬CT ). All values shown are the means Ϯ S.E. of three independent experiments. G-I, Western blot analysis of CLIC1 and CLIC4 in whole cell lysates of BMDMs (G), J774 (H), and RAW 264.7 (I). J-O, Western blot and densitometry analysis in the cytoplasmic, membrane, and nuclear fractions of unstimulated or LPS-stimulated RAW 264.7 cells. Equivalent amounts of cytosolic, membrane, or nuclear fraction were subjected to immunoblot against CLIC1 and CLIC4. ␤-Actin, Na,K-ATPase, and histone H3 antibodies were used as loading controls for the cytosolic, membrane, and nuclear fractions, respectively. Bar graphs were obtained by densitometric analysis and expressed relative to the loading control and normalized to the control (unstimulated cells), except for graph O, which is relative to 6-h LPS, as no protein was detected in unstimulated cells. P, confocal microscopy analysis of unstimulated (UT) or LPS-stimulated BMDMs stained with phalloidin, DAPI, and CLIC1 or CLIC4 antibodies followed by an Alexa-488-conjugated secondary antibody. Merged signals are shown in the right panels. Data are representative of three independent experiments. *, p Յ 0.05; **, p Յ 0.01. mRNA expression of NLRP3 or caspase-1 in the CLIC1-and CLIC4-transfected cells compared with the scrambled control (Fig. 4, C and D) . No difference was observed in NLRP3 protein expression (Fig. 4E) . However, knockdown of CLIC1 and/or CLIC4 resulted in a significant reduction of pro-IL-1␤ mRNA expression after LPS treatment (Fig. 4F) , indicating that both proteins modulate the LPS priming step in macrophages.
Next, we assessed the impact of CLIC1 and CLIC4 inhibition in LPS-and ATP-stimulated samples by Western-blotting and ELISA assays. Impairment of LPS-induced pro-IL-1␤ protein was observed in CLIC1 and/or CLIC4 siRNA-transfected samples compared with the scramble control (Fig. 4G) , which is consistent with the reduction of pro-IL-1␤ mRNA. However, no further effect was observed in samples when both genes were simultaneously ablated. Analysis of cell supernatants revealed that secretion of mature IL-1␤ p17 was completely abolished, and importantly, cleaved caspase-1 p20 was greatly reduced (Fig. 4G) . We also confirmed the significant reduction of -Fold change in expression of the target gene transcript relative to unstimulated cells was determined using the comparative cycle threshold method (2 Ϫ⌬⌬CT ). E and G, Western-blotting analysis of NLRP3 in whole cell lysates ran in a 10% polyacrylamide gel (E) and pro-casp1, IL-1␤ p17 in supernatants and pro-IL1b, CLIC1, and CLIC4 in whole cell lysates (G) as indicated. H and I, secretion of Il-1␤ (H) and TNF-␣ (I) was quantified by ELISA. J, analysis of ASC speck formation in BMDMs transiently transfected with scrambled (sc), CLIC1, and/or CLIC4 siRNAs after LPS and ATP stimulation was evaluated by FACS analysis. Cells were fixed, permeabilized, and incubated with an antibody to ASC and an Alexa Fluor 488ா-conjugated secondary antibody. The bar graph represents the percentage of ASC speck-positive cells from three independent experiments. Dot plots show the percentage of ASC speck formation.
secreted IL-1␤ in CLIC1-and/or CLIC4-ablated samples by ELISA (Fig. 4H) . Again, no further effect was observed when both CLIC1 and CLIC4 were ablated relative to each on their own. Secretion of TNF-␣ protein in the same samples revealed no differences between the CLIC1 siRNA and the scrambled siRNA-transfected samples (Fig. 4I) . However, individual and combined knockdown of CLIC1 and CLIC4 produced a significant slight decrease in TNF-␣ secretion (Fig. 4I) . Reduction of TNF-␣ in CLIC4-inhibited samples is consistent with previous findings (32) and further supports the role of CLIC4 in the modulation of proinflammatory cytokines. Overall, these results suggest that both CLIC1 and CLIC4 are required for the induction of IL-1␤. However, whereas CLIC4 is also involved in the regulation of TNF-␣, CLIC1 is not.
ASC speck is a distinguishing feature of inflammasome activation (40) . To further characterize the role of CLIC1 and CLIC4 in NLRP3 activation, we assessed whether CLIC1 and CLIC4 knockdown could also modulate ASC speck formation. This led to an overall 50% reduction of ASC speck formation (Fig. 4J) .
Discussion
In the classical model of NLRP3 activation, NLRP3 activators such as ATP are known to induce major ion fluxes, such as K ϩ efflux or Ca 2ϩ influx, with K ϩ efflux being clearly required for NLRP3 activation (20, 43) . A role for K ϩ efflux in IL-1␤ secretion was in fact reported some years before the discovery of NLRP3 (36) . However, release of IL-1␤ from LPS-stimulated human and murine macrophages is compromised when anion transport processes are disrupted (44) . Therefore, changes to the intracellular ionic environment and thereby anion transporters appear to be a necessary component required for the post-transcriptional maturation of pro-IL1␤. A role of chloride in the activation of the NLRP3 inflammasome has also been indicated from the inhibitory effect of high extracellular NaCl and the chloride inhibitors NPPB and DIDS (23, 24, 44) . In addition, the use hypertonic solutions has been widely used in the treatment of acute conditions, such as ischemic stroke and intracerebral hemorrhage (45, 46) , and has also shown to have beneficial effects in the treatment of patients with septic shock (47) (48) (49) . Contrary to these studies, Ip and Medzhitov (38) reported high extracellular osmolarity as proinflammatory.
Equally, however, from our study, preconditioning of high extracellular NaCl of LPS-stimulated macrophages acts to limit inflammation by inhibiting the post-transcriptional activation of IL-1␤. The effect inhibitory effect of NaCl on IL-1␤ was found to be lower than that of KCl, indicating that the coordinated action of K ϩ and Cl Ϫ is needed for IL-1␤ release. In fact, it is likely that the inhibitory effect of high extracellular KCl is more potent because both K ϩ and Cl Ϫ efflux are blocked. Moreover, when Cl Ϫ efflux is blocked with Cl Ϫ inhibitors such as NPPB and DIDS, IL-1␤ secretion is strongly inhibited. Importantly, the inhibitory effect of NPPB on IL-1␤ secretion has no effect on K ϩ efflux (23) . Overall, our results provide evidence of Cl Ϫ required for NLPR3-mediated IL-1␤ release, with no role in AIM2 activation or TNF-␣ production.
We also confirmed that high extracellular NaCl promotes secretion of IL-1␤ in the absence of NLRP3 activators. Therefore, Cl Ϫ efflux seems to have a dual role; that is, inhibition of efflux in the absence of signal 2 drivers will activate NLRP3, whereas in the presence of such drivers it will be inhibitory. The latter situation is likely to dominate in vivo.
We focused on the CLIC family of chloride channels as possible participants here. Both CLIC1 and CLIC4 are highly expressed in macrophages, and several lines of evidence suggest that oxidative activation of CLIC proteins promotes their integration into membranes where they act as anion channels that remove the excess of negative charges. Because reactive oxygen species has been implicated in NLRP3 activation, we wondered if CLICs would be involved. Second, and more importantly, we reported previously that the sulfonyl urea MCC950 is a potent and selective inhibitor of NLRP3 (34) . The related compound CRID2 has been shown to interact with CLIC1 (35) , and so we addressed whether CLIC1 or CLIC4 might be required for NLRP3 activation. We found that in response to LPS, CLIC4, but not CLIC1, was slightly increased in its expression, confirming what previously reported by He et al. (32) . However, profound changes in protein localization were observed after LPS stimulation for both CLIC1 and CLIC 4. LPS induced the translocation of both CLIC1 and CLIC4 to the plasma membrane, the effect on CLIC1 evident from 6 h. Confocal imagining confirmed the increased expression or nuclear translocation of both nuclear CLIC1 and CLIC4. However, we were not able to detect translocation into the cellular membrane confocally. This could be due to technical limitations probably related to antigen masking. It has been shown that S-nitrosylation induces nuclear translocation of CLIC4 (50) and nucleartargeted CLIC4 overexpression inhibits IL-1␤ expression (33) . Several studies have also demonstrated that NO acts as a suppressor of NLRP3 activation (51) . We speculate that this effect might involve CLIC4 nuclear translocation.
Importantly, however, we have found that in response to LPS and ATP stimulation, transcription and secretion of IL-1␤ is impaired after knockdown of CLIC1 and/or CLIC4, whereas no changes in the transcription of NLRP3 of caspase-1 were detected. Interestingly, although the knockdown of CLIC4 diminished production of TNF-␣, no change was detected when CLIC1 was knocked down, indicating that although both proteins are required for the transcription of IL-1␤, they can specifically modulate different cytokines. Based on our results, showing that CLIC1 is present in the nucleus at an earlier time point than CLIC4, we hypothesize that the orchestrated function of this two proteins is required to modulate the inflammatory response.
More importantly, this study demonstrates for the first time that both CLIC1 and CLIC4 are not only involved in the priming step of LPS-induced IL-1␤ but also modulate signal 2 of NLRP3 activation. Knockdown of CLIC1 and/or CLIC4 in LPS and ATP-stimulated BMDMs produced a marked decrease in the production of ASC specks, which is a mark of NLRP3 activation.
Because high extracellular NaCl, Cl Ϫ inhibitors NPPB and DIDS, and the knockdown of both CLIC1 and CLIC4 using siRNAs produced impaired IL-1␤ production, the question arises as to whether this is due to the CLIC-mediated chloride currents. However, inhibition of the CLIC-mediated Cl Ϫ cur-rents is technically challenging. To the best of our knowledge no specific inhibitors for the CLIC proteins are known to date. The IAA-94 down-regulates Cl Ϫ current; however, it is not very specific and has only been tested in planar lipid bilayers (41, 42) . Others reported that IAA-94 treatment in CLIC1 ϩ/ϩ macrophages raised phagosomal pH, (where CLIC1 acts a pH modulator), whereas this had no effect on phagosomal pH of CLIC1 Ϫ/Ϫ macrophages (30) . The authors assumed that IAA-94 blocked CLIC1-mediated currents but did not measure this. Therefore, whether the Cl Ϫ channel activity of CLICs is requested for their role here remains to be investigated.
Based on these results, we speculate that translocation of CLIC1 and CLIC4 proteins to the plasma membrane and the nucleus could be part of the LPS priming of NLRP3. The CLIC proteins might be required to compensate the efflux of K ϩ associated with NLRP3 activation, whereas nuclear CLIC1 and CLIC4 may be involved in the transcriptional regulation of IL-1␤ and other cytokines. Overall, our data indicate that both CLIC1 and CLIC4 are regulators of NLRP3 and IL-1␤ and suggest them as potential therapeutic targets for limiting inflammation.
Experimental procedures
Materials LPS used in in vitro studies was from Escherichia coli, serotype EH100 (RA) (TLRgrade TM ), Enzo Life Sciences/Alexis, Lörrach, Germany. Chloride inhibitors 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid disodium salt hydrate (D3514), and 5-nitro-2-(3-phenylpropylamino)benzoic acid (N4779), and adenosine 5Ј-triphosphate disodium salt hydrate (A2383) were purchased from Sigma. The indanyloxyacetic acid IAA-94 was purchased from Santa Cruz Biotechnology. Poly(deoxyadenylic-deoxythymidylic) acid sodium salt poly(dA:dT) (#tlrl-patn, tlrl-patn-1) was purchased from InvivoGen, San Diego, CA.
Cell culture and treatments
The murine macrophage-like cell line RAW 264.7 was purchased from the American Type Culture Collection and maintained in DMEMϩ GlutaMAX TM -I medium (Gibco, ThermoFisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum and 2 mM penicillin/streptomycin. The murine macrophage-like cell line J774 was kindly provided by Kingston Mills (Trinity College Dublin) and was originally from the American Type Culture Collection, Manassas, VA. J774 cells were grown in DMEMϩ GlutaMAX TM -I supplemented with 10% fetal bovine serum and 2 mM penicillin/streptomycin. Bone marrow cells from C57BL/6, CLIC1 Ϫ/Ϫ , and 129/svj mice were differentiated for 7 days in DMEMϩ GlutaMAX TM -I containing 10% FCS, 2 mM penicillin/streptomycin, and 20% L929 cell media. On day 6, cells were resuspended in DMEMϩ GlutaMAX TM -I containing 10% FCS, 2 mM penicillin/streptomycin, and 10% L929 cell media then counted and seeded at 10 6 /ml for treatment. BMDMs were cultured in DMEM medium supplemented with 20% macrophage-colony stimulating factor, 10% FBS, and 2 mM penicillin/streptomycin.
LPS treatments and Inflammasome activation assays
RAW 264.7, J774, and primary BMDM cells were plated at 10 6 cells/ml in 6-well plates and stimulated with 100 ng/ml LPS from E. coli, serotype 0111:B4 (Enzo Life Sciences) for the designated time points. For experiments involving assays caspase-1 activation and IL-1␤ release, cells were serumstarved for 30 min before LPS priming (10 ng/ml) for 3 h. The culture media was then removed and replaced for fresh media containing 5 mM ATP for 1 h. To test the effects of extracellular Cl Ϫ , different concentrations ranging from 50 mM to 200 mM NaCl, 50 mM to 100 mM KCl, or 50 mM to 130 mM NaGln or KGln were added into the media for 30 min and followed by the addition of 5 mM ATP. Similarly, for experiments using the chloride inhibitors, 50 -100 M NPPB or DIDS or 30 -150 M IAA94 was added into the media for 30 min and followed by the addition of 5 mM ATP for 1 h. Supernatants were assayed for IL-1␤ and TNF␣ by ELISA and also Western blotting for secreted Il-1␤. The remaining adherent cells were collected and further analyzed by real-time qPCR and Western blotting.
Immunofluorescence confocal microscopy
BMDMs were plated on 12-mm diameter coverslips at a density of 0.3 ϫ 10 6 cells. The following day cells were LPS-stimulated (1 g of LPS for 24 h) or unstimulated, fixed with 2% paraformaldehyde for 30 min, and permeabilized with 0.2% Triton-X-100 in 1% BSA-PBS for 20 min at room temperature. Cells were then stained with antibodies against CLIC1 (356.1), CLIC4 (45.42) (Santa Cruz Biotechnology, Santa Cruz, CA) (1:100) at 4°C overnight. After washing 3 times with phosphate-buffered saline (PBS), cells were stained with Alexa Fluor 488 goat antimouse IgG (HϩL) secondary antibody (Invitrogen) (1:1000) for 1 h at room temperature. For phalloidin staining, cells were incubated with 1 g/ml phalloidin-TRITC (Sigma) for 30 min at room temperature. Coverslips were then rinsed 3 times with PBS and mounted on microscope slides with Duolink in situ mounting medium with DAPI (Sigma). Stained coverslips were imaged on a Leica SP8 confocal microscope using a 40ϫ oil-objective lens. A number of images were taken for each treatment.
Reverse transfection of siRNAs
BMDMs cells were plated in 6-well plates at 1 ϫ 10 6 /well 24 h before transfection. 25 nM siRNA CLIC1, siRNA CLIC4, or siRNA negative control (Life Technologies, #s100126, #s78122, #AM4636) were transfected using 5 l of Lipofectamine siRNA Max (Life Technologies) according to the manufacturer's recommendations. 36 h after transfection cells were treated with LPS and ATP as described above to examine inflammasome activation.
Immunostaining cells for ASC for flow cytometry analysis
After transfection of BMDMs with siRNA CLIC1 and/or CLIC4 or scrambled control, cells were harvested and transferred to FACS tubes. Cells were fixed with ice-cold 100% ethanol for 15 min at room temperature, pelleted at 600 ϫ g for 10 min, resuspended in ASC speck buffer (PBS, 0.1% sodium azide, 0.1% BSA, 1.5% FBS), and incubated for 20 min at room tem-perature. Cells were stained with anti-ASC (N15) antibody (Santa Cruz Biotechnology) (1:1500) and Alexa 488 goat antirabbit IgG (1:1500). Samples were processed on a FACSCanto II (BD Biosciences) and analyzed with FlowJo. Samples were gated to exclude debris (forward light scatter (FSC-area versus side scatter-area), and then any cell doublets were excluded using FSC-area versus FSC-width analysis. Cells were gated and used for further analysis of inflammasome activation state by either pulse width to pulse area profile (W:A) or high pulse height to area (H:A) analysis.
Enzyme-linked immunosorbent assay
Supernatants were analyzed for murine IL-1␤ and murine TNF␣ using ELISA kits according to the manufacturer's instructions (R&D Systems). The optical density values were measured using a microplate reader set to 450 nm.
Preparation of whole cell lysates for Western blot analysis
Total protein was isolated from cells using a radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma). Cell pellets were washed with PBS, solubilized in radioimmunoprecipitation assay containing protease and phosphatase inhibitors for 30 min, and centrifuged at 14,000 ϫ g for 15 min. Protein concentration was measured using the Pierce TM BCA assay (ThermoFisher Scientific). 2ϫ Laemmli sample buffer was added to the samples and then boiled for 5 min at 99°C.
Preparation of secreted proteins for Western-blotting analysis
At the termination of experiments, supernatants were collected and transferred to microcentrifuge tubes. The protein content of the supernatants was concentrated using StrataClean TM resin (Agilent Genomics, Santa Clara, CA). 1 l of resin was added per 100 l of supernatant, and the mixture was vortexed for 1 min and then centrifuged at 40 ϫ g for 1 min. The supernatant was aspirated, and 5ϫ Laemmli sample buffer was added to the remaining resin. Samples were boiled for 5 min at 99°C.
Subcellular fractionation of proteins for Western-blotting analysis
RAW 264.7 cells grown to confluence in T175 flasks and treated with 100 ng/ml LPS for 2, 4, 6, and 24 h. Cells were collected, resuspended in PBS, and centrifuged at 1000 ϫ g for 5 min. Cytosolic, membrane, and nuclear protein fractions were isolated using the Qproteome Cell Compartment Kit (Qiagen, West Sussex, UK) according to the manufacturer's recommendations.
Western-blotting analysis
Protein lysates (ϳ 20 g of total protein) were analyzed by SDS-PAGE (10% or 12%), electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA), and then incubated overnight (4°C) with antibodies for CLIC1 (356.1) and CLIC4 (45.42) (Santa Cruz Biotechnology; sc-81873 and sc-135739, respectively), IL-1␤ (R&D Systems; AF-401-NA), anti-caspase-1 (p20) (AdipopGen, San Diego, CA; AG-20B-0042), sodium-potassium ATPase (EP1845Y) (Abcam, Cambridge, UK), and histone H3 and ␤-tubulin, both from Cell Signaling Technology; #4499 and #2146, respectively. Immunoblots were labeled with secondary HRP-conjugated antibodies (goat anti-mouse or-rabbit) for 1 h, Jackson ImmunoResearch Laboratories), and developed by LumiGLO Chemiluminescent substrate (Cell Signaling Technology; #7003) using the ChemiDoc TM Imaging Systems (Bio-Rad).
RNA extractions
Total RNA was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. RNA quality and quantity were measured using the Nanodrop Spectrophotometer (Thermoscientific, Loughborough, UK).
Stem-loop reverse transcription and real-time quantitative PCR
cDNA synthesis was performed using the High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA). Reverse transcription reactions were carried out using 500 ng of total RNA in a final volume of 20 l of reaction mix. Cycling conditions were as follows: 10 min at 25°C, 120 min at 37°C, 5 min at 85°C, and indefinitely at 4°C. All reactions were performed on a Veriti Thermal Cycle (Applied Biosystems). Real-time qPCRs were carried out on the 7900HT Fast Real-Time PCR System (Applied Biosystems) using specific Taqman gene expression or gene-specific SYBR primers. Primers were designed using NCBI/Primer-BLAS software and purchased from Eurofins MWG Operon (Eurofins Genomics, Ebersberg, Germany). Sequences used to analyze gene expression include CLIC4 forward (5Ј-AACTCA AGA CCA GAG GCT AAT G-3Ј) and reverse (5Ј-TGA TGT CCT CCA TGC TGT TC-3Ј), IL-1␤ forward (5Ј-GGA AGC AGC CCT TCA TCT TT-3Ј) and reverse (5Ј-TGG CAA CTG TTC CTG AAC TC-3Ј), caspase-1 forward (5Ј-CCA GGC AAG CCA AAT CTT TAT C-3Ј) and reverse (5Ј-TCA GCT GAT GGA GCT GAT TG-3Ј), NLRP3 forward (5Ј-CCT CTT GGT GAC CTC ATG TAA T-3Ј) and reverse (5Ј-AGA AAG ATA GCG ATG ATG ATA-3Ј), and 18S rRNA forward (GTA ACC CGT TGA ACC CCA TT-3Ј) and reverse (5Ј-CCA TCC AAT CGG TAG TAG GG-3Ј). 18S rRNA was used as an endogenous control, and CT (threshold cycle) values were normalized to levels of 18S rRNA expression. Individual qPCRs were carried out on the 7900HT Fast Realtime System (Applied Biosystems). A relative -fold change in expression of the target gene transcript was determined using the comparative cycle threshold method (2 Ϫ⌬⌬CT ). Results were averaged from three independent experiments.
